Experiments were conducted to evaluate the superplastic properties in three orthogonal directions after processing by equal-channel angular pressing (ECAP). Using an Al-3% Mg-0.2% Sc alloy pressed to a strain of $8 through route B C , miniature tensile specimens were cut in the pressing direction perpendicular to the transverse plane and perpendicular to the flow and longitudinal planes. The results show that similar tensile elongations are obtained in each direction. It is concluded there is no significant anisotropy in the superplastic properties after processing by ECAP.
Introduction
Equal-channel angular pressing (ECAP) is now an established procedure for producing materials with ultrafine grain sizes. The principle of ECAP is that a sample, usually in the form of a bar or rod, is pressed through a die constrained within a channel that is bent through an abrupt angle near the center of the die. 1, 2) Since the cross-sectional dimensions of the sample remain unchanged on each pass through the die, repetitive pressings may be conducted to achieve high strains. Processing by ECAP produces grain sizes that lie typically within the submicrometer range and, provided some precipitates are present to retain an ultrafine grain size at elevated temperatures, tensile specimens cut from the as-pressed billets may exhibit superplastic ductilities.
3) Furthermore, these high ductilities are often achieved within the regime designated high strain rate superplasticity corresponding to strain rates at or above 10 À2 s À1 .
4)
Since the rods or bars used for ECAP generally have crosssectional dimensions of only $10 mm, it is a standard practice to cut tensile specimens from the as-pressed samples with their gauge lengths lying parallel to the longitudinal axes. It follows, therefore, that data are generally not available to show whether there is any anisotropy in the mechanical properties as a function of the orientation of the specimen within the as-pressed billet. An earlier report demonstrated the potential for scaling the ECAP process by pressing samples of a commercial Al-1100 alloy in the form of rods having diameters of 6, 10 and 40 mm, respectively. 5) For the billet with the largest diameter, small tensile specimens were cut in three orthogonal directions and tested in tension at room temperature. These results showed the occurrence of similar stress-strain curves in each direction but there has been no corresponding evaluation of the mechanical properties, and especially the superplastic properties, at high temperatures. In practice, it is inconvenient to use billets having diameters of 40 mm for regular laboratory testing because this large diameter requires large quantities of material. However, it is possible instead to use an electrodischarge machine to cut very small tensile specimens from conventional as-pressed billets and thus to assess the anisotropy of the mechanical properties in these billets.
Accordingly, the present investigation was initiated to evaluate the influence of the orientation of the tensile specimens with respect to the pressing axis on the subsequent superplastic properties of an aluminum alloy processed by ECAP.
Experimental Material and Procedures
The experiments were conducted using an Al-3% Mg-0.2% Sc alloy, where the composition is given in weight per cent. This alloy was selected because earlier investigations showed that tensile specimens cut from the as-pressed billets exhibited excellent superplastic properties [6] [7] [8] [9] [10] [11] and there are reports also of exceptional superplastic ductilities in other AlMg-Sc alloys.
12) The alloy was fabricated in the form of an ingot with dimensions of 18 Â 60 Â 160 mm 3 using the procedure described earlier.
10) The ingot was homogenized in air at 753 K for 24 hours, cut into bars with dimensions of 18 Â 18 Â 160 mm 3 , swaged to rods with diameters of 10 mm and then cut into billets with lengths of 60 mm for the ECAP processing. Prior to ECAP, the billets were solution treated in air for 1 hour at a temperature of 873 K to give an initial grain size of $0:5 mm. The ECAP was conducted at room temperature using a solid die made from SKD11 tool steel and with a MoS 2 lubricant. The die contained a channel bent through an angle, È, of 90 and with an angle, É, of 20 representing the outer arc of curvature where the two channels intersect. These values of È and É give an imposed strain of $1 on each separate passage through the die.
13) The billets were pressed through 8 passes to a strain of $8 using route B C where the billet is rotated by 90 in the same sense between each pass. 14) Inspection after ECAP revealed a homogeneous microstructure and a grain size of $0:2 mm. Tensile specimens * Graduate Student, Kyushu University were cut from the as-pressed billets using an electrodischarge machine. These specimens were oriented in three orthogonal directions: along the X or pressing direction perpendicular to the transverse plane, along the Y direction perpendicular to the side face and thus perpendicular to the flow plane, and along the Z direction perpendicular to the top face and thus perpendicular to the longitudinal plane, where these planes and directions were defined in an earlier report.
15) The specimens had gauge lengths of 1 mm, gauge widths of 0.6 mm and gauge thicknesses of 1 mm: henceforth they are designated ''small specimens.'' In addition, some conventional tensile specimens were also prepared using the electro-discharge machining facility where the gauge lengths were 5 mm, the gauge widths and thicknesses were 3 and 2 mm, respectively, and the specimens were oriented so that their gauge lengths lay parallel to the X direction: these specimens are henceforth designated ''normal specimens.'' The small specimens were mounted in grips to lie horizontally within a horizontal furnace where this configuration was used to avoid the dead-load associated with the weight of the grip when testing in a vertical configuration. Each small specimen was heated to the testing temperature of 673 K over a period of $40 minutes and then pulled to failure at a constant rate of cross-head displacement using an initial strain rate of 3:3 Â 10 À2 s À1 . To maintain consistency between the two types of specimens, the normal specimens were also pulled to failure in a horizontal orientation. Each test was conducted on two samples to provide information on the experimental scatter.
Results and Discussion
For the small specimens, the recorded elongations were 550% and 430% in the X direction, 580% and 430% in the Y direction and 450% and 400% in the Z direction: the specimens exhibiting the highest elongations for these three orientations are shown in the lower portion of Fig. 1 together with an undeformed specimen. For the normal specimens, the elongations were 680% and 460%, respectively, and the highest elongation and an undeformed specimen are shown in the upper portion of Fig. 1 . It is apparent these elongations are similar within the experimental scatter and it is reasonable to conclude there is no significant anisotropy in the superplastic ductilities with respect to the orientation of the tensile specimens. This is consistent with an earlier observation of microstructures 15) where there is no visible difference in the X, Y and Z directions. In addition, there are no significant differences between the measured elongations when testing the normal and the small specimens, especially when it is noted there is experimental evidence showing the elongations in superplastic materials tend to increase with an increase in the gauge width. 16) Close inspection of these numbers suggests a possible tendency for lower elongations to occur in specimens cut in the Z direction. Further testing will be needed to confirm or negate this trend but it may reflect the lower values of the Vickers microhardness which have been reported in the lower sections of billets after ECAP.
17) The trend would be consistent also with the strain inhomogeneities reported near the lower surfaces of as-pressed billets from direct measurements of the local shearing using grid patterns, 18) with recent predictions from finite element modeling [19] [20] [21] [22] and finite volume modeling 23) and with the texture gradient reported experimentally from X-ray measurements on Cu after ECAP. 24) 
Summary and Conclusion
The Al-Mg-Sc alloy processed by ECAP shows almost identical superplastic properties in three orthogonal directions within the as-pressed billet. When differences in the specimen shapes and sizes are considered, similar elongations are achieved using both very small specimens cut from within the cross-section of the billets and conventional specimens cut parallel to the pressing direction. The results demonstrate the absence of any significant anisotropy in the superplastic properties after processing by ECAP. Fig. 1 Examples of superplasticity in the Al-Mg-Sc alloy after ECAP and testing to failure at 673 K: the small specimens were cut in three orthogonal directions and the normal specimen was cut with the gauge length parallel to the X direction.
